Introduction
============

Solid dispersions (SD) are often employed to enhance oral bioavailability of insoluble drugs. In SD, compounds exist as amorphous or molecular state. After dissolving SD in body fluids or other media, it is hoped that molecular or amorphous drugs are quickly absorbed to play therapeutic effects. However, there are several drawbacks associated with SD retarding its practical application, such as long-term storage instability, easy to be destroyed by moisture or organic solvents, as well as hard to be formulated. Until now, some reports have proposed using excipients with high glass transition temperature (Tg) to ensure long-term storage stability of SD,[@b1-ijn-13-1611] and hot-melt extrusion (HME) technique makes choice of this kind of excipient a reality. Furthermore, the SD was successfully formulated into tablets by employing direct compression technique.[@b1-ijn-13-1611],[@b2-ijn-13-1611] It seems that problems which were negatively affecting the practical application of SD are well solved now. Actually, there is still a big obstacle. After water-insoluble compound is released from SD in dissolution media or body fluids, sometimes recrystallization of the drug happens quickly. As drug crystals are difficult to be absorbed, high oral bioavailability would not be achieved. In the past research, storage of the SD at high temperature for several days was found to be effective in inhibiting the recrystallization process.[@b3-ijn-13-1611] However, this method is often doubted and not easy to be accepted as high storage temperature is normally assumed to be a destroying factor for SD. In a word, method of maintaining supersaturated drug solution after SD dissolution still needs to be investigated.

Nowadays, polymers and copolymers are frequently used as drug carriers, especially in nanodrug delivery systems for targeted treatment. Normally, hardly soluble compounds are entrapped in the polymers and, the two components form nanosized spheres which are well dispersed in water or other media. For the purpose of escaping reticuloendothelial system in blood circulation, the polymers used are often decorated by polyethylene glycol (PEG) or other water-soluble materials. The insoluble drugs could be well entrapped in the polymers and do not recrystallize from the nanoemulsions. This phenomenon clues that compounds released from the SD could exist as stable nanosized particles in media if suitable polymers are selected as SD excipients. The polymers must be able to encapsulate the released drug molecules spontaneously and then form nanosized particles after immersing in water immediately.

The aim of the present study was to propose a unique tri-block polymer named polyoxyethylene/vinyl acetate/N-vinyl-caprolactam (PEO-VA-NVCL) with interfacial formation ability and use it as SD excipient. By doing this, supersaturated drug solution maintained as the polymer was able to entrap the released drug molecules and form nanosized micelles spontaneously after immersing in water immediately. In other words, nanotechnology was employed to overcome an important problem of SD and, a kind of micelle material with excellent performances was suggested.

Nimodipine (NM) with extremely low water solubility was chosen as a model drug.

Methods
=======

Characterization of PEO-VA-NVCL
-------------------------------

PEO-VA-NVCL was gifted by a friend. Its molecular weight was measured by gel permeation chromatography with tetrahydrofuran as solvent. Infrared spectroscopy of the polymer was also obtained.

Add suitable amount of the polymer to water while stirring to get micelle solution, the final concentration of the polymer was 10 mg/mL. The micelle solution was photographed and, the particle size was measured by dynamic light scattering (DLS) method (Malvern).

Dissolving PEO-VA-NVCL in D~2~O and CDCl~3~ to get micelle solution and clear solution separately, then hydrogen-nuclear magnetic resonance (^1^H-NMR) spectroscopy of the polymer was measured to get the information about the structure.

Preparation of NM-SD by HME
---------------------------

Two kinds of NM-SD were prepared by HME. The weight ratio of NM, polyvinyl pyrrolidone vinyl acetate (PVP-VA) (Kollidon VA64, BASF Corp.) and PEO-VA-NVCL were 15: 85:0 and 15:75:10 separately. The extrusion temperature was 180°C. All extrudes were milled to powder.

Characterization of the NM-SD
-----------------------------

Modulated differential scanning calorimetry was used to measure the Tg of the two kinds of NM-SD. The heating rate was 2°C/min.

Dissolution test was carried out according to United States Pharmacopeia. The dissolution media was water and, the volume was 900 mL. The amount of NM-SD added was 200 mg.

Add the NM-SD (10 mg) to water (1 mL) to get supersaturated solutions of NM, then keep the solutions at room temperature for 8 h. The solution obtained from NM-SD containing PVP-VA only was photographed by microscopy. The solution obtained from NM-SD containing PEO-VA-NVCL was scanned by transmission electron microscopy (TEM) and, the particle size of the micelle was measured by DLS method.

NM-SD containing PEO-VA-NVCL was dissolved in D~2~O and CDCl~3~ to get micelle solution and clear solution separately, then ^1^H-NMR spectroscopy of the solutions was measured to get structural information of the micelles.

Hemolysis test
--------------

The study protocol was approved by the Ethics Committee of Guangzhou Medical University.

The 1 mL rat blood was diluted by phosphate-buffered saline (PBS) and centrifugated at 800 rpm for 5 min, the process was repeated for two more times to remove blood serum. Then, the blood cells were suspended in PBS and, the total volume was 1 mL. Around 100 µL blood cells in PBS was added to 900 µL of the triblock polymer solution in PBS, thus the final concentration of the polymer was 10, 20, 50, 100, 200, 500, and 1,000 µg/mL. PBS and pure water were used as negative and positive control respectively. The samples were left undisturbed at room temperature for 1 day, the absorbance of the supernatants was measured at 540 nm to calculate the hemolysis rate. The particle size of the supernatants was also measured to evaluate the stability of the polymer micelles in the blood.

Results
=======

Features of the tri-block polymer
---------------------------------

As shown in [Figure 1A](#f1-ijn-13-1611){ref-type="fig"}, the average molecular weight of the tri-block polymer was 11,200 g/mol. The infrared spectroscopy ([Figure 1B](#f1-ijn-13-1611){ref-type="fig"}) corresponded well to the chemical structure of the polymer ([Figure 1D](#f1-ijn-13-1611){ref-type="fig"}).

The tri-block polymer was composed of three fragments, the PEO fragment, the VA fragment, and the NVCL fragment. Actually, the molar ratio of the three fragments was 13:30:57. As is widely known, PEO fragment is water soluble and VA fragment is hydrophobic. Due to the amphipathic property of the polymer, it was assumed that PEO-VA-NVCL was a potential micelle material. Actually, typical micelle solution would appear simply by adding the polymer granules to water and stirring for a few minutes ([Figure 1C](#f1-ijn-13-1611){ref-type="fig"}). The average particle size of the micelles was measured to be about 64 nm ([Figure 2](#f2-ijn-13-1611){ref-type="fig"}). Additionally, there was only one peak in the particle sizing graph, which indicated that the micelle particles were quite uniform. Despite great advances in nanodrug delivery systems and hundreds of amphipathic polymers proposed, ideal materials were still on the way. In order to prepare micelle solution, organic solvents and complicated handling procedures are required by almost all the polymers reported. But it was not the case for PEO-VA-NVCL, the micelle formation process of the tri-block polymer was free from organic solvents and amazingly simple. The uniform micelle particle obtained and the environmental friendly handling procedure make PEO-VA-NVCL an excellent candidate to construct nanodrug delivery systems.

In order to further characterize the structure of the micelles made by the tri-block polymer, ^1^H-NMR of the micelle solution (D~2~O) and the clear solution (CDCl~3~) were compared. As shown in [Figure 2A](#f2-ijn-13-1611){ref-type="fig"} (lower), when PEO-VA-NVCL was totally dissolved in organic solvent and all the hydrogen atoms would generate signals, both PEO signal (3.6 ppm) and NVCL signal (1.5--3.5 ppm) were observed. On the other hand, [Figure 2A](#f2-ijn-13-1611){ref-type="fig"} (upper) shows that when PEO-VA-NVCL was dispersed in water and only hydrogen atoms surrounded by D~2~O molecules would generate signals, PEO signal was still obvious while NVCL signal was much weaker but detectable. Without doubt, the results clued that PEO fragment was hydrophilic and, it stretched into water to form shell of the micelles. But what does the much weaker but detectable NVCL signal mean? One interpretation said that part of NVCL fragment stretched into water and part of NVCL fragment immersed into the hydrophobic core of the micelles. However, this explanation was doubtable. It was unreasonable for the same NVCL fragment to exhibit opposite hydrophilicity. A much more acceptable explanation was that the NVCL fragment located between the hydrophilic shells composed of PEO fragment and the hydrophobic core composed of VA fragment, as shown in [Figure 2B](#f2-ijn-13-1611){ref-type="fig"}. In other words, the NVCL fragment constructed a special interfacial layer of the micelle which separated the PEO shell and the VA core. In this case, as the NVCL fragment was exposed to water to a restricted extent, the corresponding signal was still detectable but much weaker. Chemical structure of NVCL fragment is similar to that of PVP. Due to the increased hydrophobicity caused by replacement of five membered ring by seven membered ring, hydrophilicity of NVCL fragment is intermediate while that of PVP is good. Until now, no matter how many fragments are there in the micelle polymers as reported, the fragments are either hydrophilic or hydrophobic. As a result, all the suggested micelles comprise two parts, the hydrophilic shell and the hydrophobic core. The present study proposed a unique micelle with additional interfacial layer. This special structure may assign new applications to micelles containing PEO-VA-NVCL.

Application of PEO-VA-NVCL in maintaining the supersaturated state of NM-SD dissolution media
---------------------------------------------------------------------------------------------

As shown in [Figure 3A](#f3-ijn-13-1611){ref-type="fig"}, the Tg of the NM-SD containing PVP-VA only was 89°C and, that of the NM-SD containing PEO-VA-NVCL was 82°C. Further information which could validate the amorphous state of the NM in the SD were shown in literature.[@b1-ijn-13-1611]--[@b3-ijn-13-1611]

[Figure 3B](#f3-ijn-13-1611){ref-type="fig"} shows that high dissolution extent could be achieved by both NM-SD formulations. However, the release curve of the NM-SD containing PVP-VA only saw rapid decline after reaching the peak while that of the NM-SD containing PEO-VA-NVCL was steady until the end of the test. Actually, drug crystals could be observed in the former dissolution media, indicating recrystallization of the compound. On the other hand, the latter dissolution media maintained clear throughout the test. In other words, using the tri-block polymer as HME excipient at a low dose successfully inhibited drug recrystallization in release media and maintained the supersaturated condition of the compound. This feature is certainly helpful for achieving satisfactory oral bioavailability of water insoluble drugs.

In order to clarify the mechanisms behind the recrystallization inhibition effect of the tri-block polymer, suitable amount of two kinds of NM-SD was added to 1 mL water separately to get higher final concentration than dissolution test. [Figure 3C](#f3-ijn-13-1611){ref-type="fig"} shows that there were many drug crystals in the fluids obtained from NM-SD containing PVP-VA only and, the crystals were about several micrometers long. On the other hand, drug crystals were absent in the fluids obtained from NM-SD containing PEO-VA-NVCL and, the fluids appeared to be micelle solution. Actually, micelles with different sizes (ranging from 10 nm to \>200 nm) could be observed by TEM and, the micelles showed clear core-shell structure ([Figure 3C](#f3-ijn-13-1611){ref-type="fig"}). DLS measurement revealed comparable results to TEM, there were two groups of micelles, with average particle sizes to be 115 nm and 480 nm separately ([Figure 3D](#f3-ijn-13-1611){ref-type="fig"}). All the above results indicated that the NM was entrapped into the micelles with the help of the tri-block polymer PEO-VA-NVCL during the release process of NM-SD, thus inhibiting drug recrystallization and maintaining the supersaturated solution of the compound.

Although PVP-VA seems to be an amphipathic polymer, it is totally soluble in water. As a result, there was a question: what was the drug loading micelles in the dissolution media composed of, NM with PEO-VA-NVCL only or NM with PEO-VA-NVCL and PVP-VA? To figure out the question, ^1^H-NMR of the clear solution prepared by dissolving the NM-SD containing PEO-VA-NVCL into CDCl~3~ and the micelle solution prepared by dispersing the same NM-SD into D~2~O were captured. As shown in [Figure 4A](#f4-ijn-13-1611){ref-type="fig"} (lower), NM signals were observed as predicted (6.3--8.5 ppm) when all the components were dissolved in organic solvent. But when NM-SD was dispersed in water in the form of micelles, the corresponding signals of NM disappeared ([Figure 4A](#f4-ijn-13-1611){ref-type="fig"} upper). The results implied that the NM was located in the core of the micelles. More importantly, both [Figure 4A](#f4-ijn-13-1611){ref-type="fig"} (lower) and [Figure 4A](#f4-ijn-13-1611){ref-type="fig"} (upper) show obvious PEO (3.6 ppm) and PVP (1.0--3.5 ppm) signals, indicating PEO together with PVP constructing the shell of the micelles. As discussed above, PVP-VA is able to be completely dissolved in water, as a result, PVP-VA solution is clear solution instead of micelle solution. That is to say, PVP-VA alone is not able to form micelles. And because of this, the NM recrystallized quickly after PVP-VA dissolved in water for the NM-SD containing PVP-VA only. However, to our surprise, PVP-VA successfully played the role of micelle-shaping material with the help of the tri-block polymer PEO-VA-NVCL and encapsulated the drug as well. Briefly, when PVP-VA and a small amount of PEO-VA-NVCL were used as co-excipients to formulate NM-SD, PEO-VA-NVCL together with PVP-VA constructed the drug loading micelles, with PEO and PVP working as the shell and VA fragment working as the drug loading core of the micelles. Despite the virtual water-soluble feature of PVP-VA, the employment of PEO-VA-NVCL made the bi-block polymer a real amphipathic micelle material as predicted by its chemical structure, with PVP fragment working as hydrophilic part and VA fragment working as hydrophobic part. Then, a question occurred to us: why was PVP-VA able to entrap the compound and form the drug loading micelles instead of dissolving in water completely? Obviously, the answer to the question lies with the tri-block polymer PEO-VA-NVCL with the interfacial layer formation ability. As was discussed earlier, the NVCL fragment located at the interface of the micelles, separating the PEO shell and VA core. Although the NVCL signals were too weak to be distinguished from that of PVP ([Figure 4A](#f4-ijn-13-1611){ref-type="fig"} upper), it was supposed that NVCL fragment constructed the interfacial layer of the drug loading micelles. Due to the excellent micelle formation ability of the tri-block polymer, PEO-VA-NVCL transformed into micelle structure as soon as the NM-SD started to dissolve, and at the same time, the interfacial layer of NVCL fragment not only encapsulated the compound together with the VA fragment of the tri-block polymer itself, but also the hydrophobic fragment of PVP-VA. As a result, with the help of the interfacial layer of NVCL fragment, PEO and PVP constructed the shell of the micelles and, VA fragment of both polymers together with the compound constructed the core of the micelles. In a word, the interfacial layer of the NVCL fragment successfully "prisoned" the compound as well as the VA fragment of PVP-VA which intended to "escape" into water ([Figure 4B](#f4-ijn-13-1611){ref-type="fig"}).

Actually, other amphipathic polymers with hydrophilic and hydrophobic fragments only failed in preventing the escape of the seemingly amphipathic polymer PVP-VA, such as PEG-PLA, PEG-PCL, and so on (data not shown). The results highlighted the significance of the interfacial layer of NVCL fragment in stabilizing micelles and indicated that the tri-block polymer PEO-VA-NVCL with interfacial layer formation ability seemed to be a potential micelle candidate with excellent performances.

Conclusion and discussion
=========================

In the present research, a unique tri-block polymer with NVCL fragment working as interfacial layer of the micelles and separating the outside hydrophilic PEO shell and the inner hydrophobic core was suggested. The polymer exhibited satisfactory micelle constructing capacity in the terms of organic solvent-free procedure and rapid micelle formation as soon as contacting water. When PEO-VA-NVCL was introduced as co-excipient in the formulation of NM-SD, the problem of drug recrystallization in the release media or body fluids which retarded the practical application of SD in enhancing oral bioavailability of hardly soluble drugs was completely solved. Drug loading micelles were found in the dissolution media, accounting for the maintenance of the supersaturated solution of the compound.

In the present study, nanomaterial was employed to solve the problem puzzling the application of SD. More importantly, a tri-block polymer exhibiting outstanding performances in constructing nanodrug delivery systems was proposed.

Nowadays, polymers with different water soluble and water insoluble fragments have been synthesized. These polymers are often used to entrap hardly soluble compounds, with hydrophobic fragments forming payload containing core and hydrophilic fragments constructing shell.

These polymers have one character in common,[@b4-ijn-13-1611]--[@b29-ijn-13-1611] the fragments are either water soluble to form hydrophilic shell or water insoluble to shape hydrophobic core. In this paper, a tri-block polymer named PEO-VA-NVCL was proposed. Apart from the hydrophilic part of PEO and hydrophobic fraction of VA, the polymer has the third fragment of NVCL with intermediate solubility to construct a special interfacial layer.

Unlike other reported polymers, PEO-VA-NVCL was able to form micelle solution simply by slowly stirring the polymer granules in water for several minutes. This organic-solvents free feature is likely to simplify the preparation of micelle formulations and make large-scale manufacture of nanodrug delivery systems a reality.

As is known to all, the stability of micelles in blood circulation remains a great concern. In detail, it is supposed that drugs might "escape" from hydrophobic core of normal micelles and, in some cases, the micelle particles are likely to totally disintegrate in vivo. It was found in the current research that the interfacial layer constructed by NVCL fragment succeeded in "prisoning" the VA fragment of PVP-VA which otherwise would dissolve in water. As a result, PVP-VA together with a small amount of PEO-VA-NVCL constructed stable micelles which entrapped the compound safely. In other words, PEO-VA-NVCL at a low dose successfully stabilized the micelles comprising PVP-VA and the drug, which would otherwise disintegrate. This kind of disintegration in vitro is similar to the disintegration that may happen to the micelles in the blood circulation. The fact that the PEO-VA-NVCL rather than other amphipathic polymers stabilized the NM/PVP-VA micelles and prevented the disintegration implied the importance of interfacial layer in producing stable drug loading micelles. Based on this point, there is a possibility that micelles constructed by PEO-VA-NVCL are more likely to resist the destructions and keep its integrity in blood circulation than micelles constructed by normal amphipathic polymers. Actually, the hemolysis rate was \<3% even if the concentration of the triblock polymer in the blood sample was 1 mg/ml ([Figure 5A and B](#f5-ijn-13-1611){ref-type="fig"}), and the hemolysis rate was comparable to that of the negative control blood sample in PBS. Furthermore, [Figure 5C](#f5-ijn-13-1611){ref-type="fig"} shows that the particle size of the tri-block polymer micelles from the supernatants of the hemolysis test samples was similar to that of the original polymer solution without blood cells, both of them were about 62 nm ([Figure 5C](#f5-ijn-13-1611){ref-type="fig"}). The above results not only implied that the toxicity of the tri-block polymer was negligible, but also indicated that the micelle structure remained intact in the circulatory system. As the compatibility and the stability of the nanocarriers are of great importance to its use in the circulatory system, the above phenomena clued the possible widespread applications of the tri-block polymer in the future.
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![Characterization of the tri-block polymer PEO-VA-NVCL. (**A**) Average molecular weight of the polymer measured by GPC. (**B**) Infrared spectroscopy of the polymer. (**C**) Picture of the polymer micelle solution. (**D**) Chemical structure of the polymer.\
**Abbreviations:** GPC, gel permeation chromatography; MW, molecular weight; PEO-VA-NVCL, polyoxyethylene/vinyl acetate/N-vinyl-caprolactam.](ijn-13-1611Fig1){#f1-ijn-13-1611}

![Structural features of the micelles constructed by the tri-block polymer PEO-VA-NVCL. (**A**) ^1^H-NMR of the polymer dispersed in D~2~O (upper) and dissolved in CDCl~3~ (lower). (**B**) Schematic diagram of the polymer micelles. (**C**) Particle size of the polymer micelles measured by DLS.\
**Abbreviations:** d, diameter; DLS, dynamic light scattering; ^1^H-NMR, hydrogen-nuclear magnetic resonance; NVCL, N-vinyl-caprolactam; PEO, polyoxyethylene; PEO-VA-NVCL, polyoxyethylene/vinyl acetate/N-vinyl-caprolactam; VA, vinyl acetate.](ijn-13-1611Fig2){#f2-ijn-13-1611}

![Characterization of the two kinds of NM-SD prepared by HME. (**A**) Tg of the NM-SD measured by modulated-DSC. NM-SD containing PVP-VA only (red) and NM-SD containing both PVP-VA and PEO-VA-NVCL (blue). (**B**) Release curves of the NM-SD containing PVP-VA only (red) and NM-SD containing both PVP-VA and PEO-VA-NVCL (blue). (**C**) TEM images of the micelle solution prepared by dissolving the NM-SD containing both PVP-VA and PEO-VA-NVCL and microscopy image of the drug crystals in the solution obtained from dissolving NM-SD containing PVP-VA only. (**D**) Particle size measurement of the micelle solution prepared by dissolving the NM-SD containing both PVP-VA and PEO-VA-NVCL.\
**Abbreviations:** d, diameter; DSC, differential scanning calorimetry; HME, hot-melt extru sion; NM-SD, nimodipine-solid dispersions; PEO-VA-NVCL, polyoxyethylene/vinyl acetate/N-vinyl-caprolactam; PVP-VA, polyvinylpyrrolidone vinyl acetate; TEM, transmission electron microscopy; Tg, glass transition temperature.](ijn-13-1611Fig3){#f3-ijn-13-1611}

![Structural feature of the drug loading micelles prepared by dissolving the NM-SD containing both PVP-VA and PEO-VA-NVCL. (**A**) ^1^H-NMR of the NM-SD dispersed in D~2~O (upper) and dissolved in CDCl~3~ (lower). (**B**) Schematic diagram of the drug loading micelles.\
**Abbreviations:** ^1^H-NMR, hydrogen-nuclear magnetic resonance; NM, nimodipine; PEO-VA-NVCL, polyoxyethylene/vinyl acetate/N-vinyl-caprolactam; PVP-VA, poly-vinylpyrrolidone vinyl acetate; SD, solid dispersions.](ijn-13-1611Fig4){#f4-ijn-13-1611}

![The interactions between the tri-block polymer micelles and the blood cells. (**A**) The hemolysis rate of the rat blood cells after incubating in the micelle solutions with different micelle concentrations for 1 day. (**B**) Images of the hemolysis test. (**C**) Particle size of the original tri-block polymer micelles (red) and that of the supernatant of the hemolysis sample (green).\
**Abbreviation:** PBS, phosphate-buffered saline.](ijn-13-1611Fig5){#f5-ijn-13-1611}
